Abstract A rose may be a rose by any other name, but when you call a dog a poodle it becomes a very different animal than if you call it a bulldog. Both the poodle and the bulldog are examples of dog breeds of which there are [400 recognized worldwide. Breed creation has played a significant role in shaping the modern dog from the length of his leg to the cadence of his bark. The selection and linebreeding required to maintain a breed has also reshaped the genome of the dog, resulting in a unique genetic pattern for each breed. The breed-based population structure combined with extensive morphologic variation and shared human environments have made the dog a popular model for mapping both simple and complex traits and diseases. In order to obtain the most benefit from the dog as a genetic system, it is necessary to understand the effect structured breeding has had on the genome of the species. That is best achieved by looking at genomic analyses of the breeds, their histories, and their relationships to each other.
Introduction
The domestic dog, as a genomic subject, fills a very interesting gap between humans and a laboratory model such as the mouse. As a species, humans are numerous and widespread. We all share a common ancestor dating back *150,000 years, but have spread across the globe inhabiting all continents and terrains (Cann et al. 1987; Conrad et al. 2006; Templeton 2002) . We are exposed to many different environments, both natural and man-made and, possibly as a consequence, are susceptible to a tremendous number of diseases, for which we would like to identify causes and find cures. On the other hand, laboratory mice, as well as other model species, are derived from natural populations but exist in any of a hundred or more different homozygous strains created by backcrossing and inbreeding to obtain a consistent genetic background on which to introduce mutation (Aylor et al. 2011; Brown 1996) . They are raised in controlled environments for the purpose of reducing experimental variables. Although many diseases and disorders can be induced within these lineages, they do not develop naturally and are able to mimic the complex human conditions only in bits and pieces through individual pathways and mutations.
The domestic dog sits on the continuum between these two extremes. They, like humans, stem from a common ancestor or ancestral group some 15,000-30,000 years ago and have since spread to all parts of the world (LindbladToh et al. 2005; Savolainen et al. 2002; Vila et al. 1997; VonHoldt et al. 2010) . They have adapted to human environments and utilize the same shelters and food sources. In addition, they are susceptible to many of the same diseases and receive diagnoses and medical treatment from veterinary health specialists. However, purebred domestic dogs exist in small, somewhat homogeneous strains called breeds. These breeds were created through backcrossing and inbreeding to fix desired traits, resulting in a muchreduced level of heterozygosity within any one breed compared to wild canids or nonbreed dogs (Boyko et al. 2009 (Boyko et al. , 2010 Lindblad-Toh et al. 2005) . While the breeds are not entirely homogeneous, there are regions of the genome, often those that contribute to specific traits, that are fixed or nearing fixation within the breed (Akey et al. 2010; Lindblad-Toh et al. 2005; Parker et al. 2009; Quilez et al. 2011; Sutter et al. 2007; Vaysse et al. 2011 ). This intermittent homozygosity can reduce the number of genetic mutations segregating within a breed to create a complex phenotype. Alternately, these regions may enhance the effect of a single mutation by increasing the chance of homozygosity, either at the allele or within the pathway, exposing genetic background effects. Thus, the dog supplies the best of both organisms: the complexity of the human species, with all of its disorders and environmental effects, and the reduced complexity of the laboratory mouse, with discrete strains and partially fixed backgrounds. The dual nature of the domestic dog species provides a perfect background on which to base a genomic analysis of complex traits or diseases. However, in order to design such an experiment properly, it is important to understand the population structure of the dog.
History of breed relationships
Dogs can be found in ancient artwork dating back to the earliest civilizations. From Asia, Africa, southern Europe, and South America, ancient people depicted dogs with very different appearances, including relative size, shape, color, and ear carriage (Alderton 2002; Fogle 1993) . According to drawings and sculptures, different types of dogs have been in existence for millennia. However, it was not until the Victorian era that the breeds as we recognize them today came into being. In the late 1800s the common approach to dog breeding took a turn that remains in effect to this day. During that period clubs were formed to propagate specific types of dogs and competitions were developed to reward the creation of perfect specimens of a breed based on physical criteria (Alderton 2002; American Kennel Club 1998) . Prior to this time, dog competitions focused on the working ability of the dog such as hunting and chasing rather than on their outward appearance. In order to carry out the new competitions, new rules were introduced to control breeding so that registering a dog with a breed club required that both of the dog's parents be registered members of the breed club as well, effectively isolating each breed and reducing the available gene pool (American Kennel Club 1998) . In addition, standards were set to describe the perfect breed representative which further encouraged line breeding to propagate the physical traits that are easier to spot early in the dog's development. The popularity of breed clubs and the stringency of the rules and competitions created a venue for the development of many new breeds which led to the breed explosion of the 1900s and the current *400 breeds recognized today (Wilcox and Walkowicz 1995) .
The majority of dog breeds are isolated by rules and by whim but not by a physical barrier as in a laboratory strain.
They are kept relatively pure but outcrossing has been known to occur, preventing complete homozygosity. In addition, the same breed in different countries may be subjected to slightly different selective pressures, thus maintaining some level of heterozygosity across the breed as a whole. For example, the requirements for height in the Labrador retriever differ by *2 in. when comparing US and UK standards (Wiles-Fone and Barnes 1997). In a study comparing individuals from four breeds in the US and France, it was found that some breeds show significant genomic differences between the continents even though the dogs are considered to be from the same breed and mixing between them is not prohibited . In this regard the dog is unlike either mouse strains or human races. Mouse strains are physically isolated and breeding of crosses is done only under strict supervision for the purpose of scientific discovery. And while there have been periods in our history in which groups of people have been isolated from others, creating small distinct populations or races, there is no true barrier between people and the remixing of genomes is common place worldwide.
Microsatellite analyses of the breeds
To understand the effect of breed structure on the genomic makeup of the dog, molecular markers can be put to use in both small and large data sets. Early genetic studies concentrated on sequences from the mitochondria as these were short and abundant and provide a relatively large amount of variation to analyze from a single assay. Mitochondrial sequences showed modest but imperfect breed clustering and were much more successful at distinguishing between species rather than breeds (Gao et al. 2004; Okumura et al. 1996; Savolainen et al. 2004; Vila et al. 1997 Vila et al. , 1999 Vila et al. , 2003 . Mitochondrial DNA analyses have played a large role in understanding the ancient history of dogs and their descent from the grey wolf (Pang et al. 2009; Savolainen et al. 2002; Vila et al. 1997) .
The first studies of genomic patterns involved small numbers of breeds and microsatellite-based marker sets. From these studies it was noted that different breeds displayed different allele frequencies (Fredholm and Wintero 1995; Irion et al. 2003; Koskinen and Bredbacka 2000; Zajc et al. 1997 ). In addition, most markers are not in Hardy-Weinberg equilibrium within the breeds and they show particularly high inbreeding coefficients (Irion et al. 2003; Koskinen 2003) . Because of the small numbers of breeds, little information could be gleaned regarding their relationships, but they showed that each individual breed displayed its own unique pattern of marker alleles which supported the hypothesis that there was much less variation within a breed than across the species.
In 2004 a study was released examining the relationships among 85 different breeds using a data set of 96 microsatellite markers (Parker et al. 2004 ). The microsatellite markers were chosen from all autosomes of the dog. Dinucleotide repeats were chosen specifically because in the dog these have been shown to mutate at a rate 100 times slower than the commonly used tetranucleotide mapping microsatellites (Francisco et al. 1996; Ostrander et al. 1993) . This is important as the alleles from these markers are more likely to be identical by decent among the breeds rather than identical by state. Calculating Wright's F statistics based on the alleles, the authors showed that more than one quarter of the genomic variation in the dog is found in differences between breeds rather than between individuals. Compare this number to the 5-10% of variation found between geographically distinct human populations and you find that dog breed definitions are more isolating than oceans. Using both a leave-one-out analysis involving a training set and untutored clustering, the dogs could be assigned to their breed of origin with up to 99% accuracy, once again highlighting the extreme population stratification within the species.
The separation of the breeds being well established, the next task was to assess the similarities among the breeds. Breed clubs have developed systems of classifying dogs for registration and competition based on expected occupation or geographic origin. For instance, the American Kennel Club groups the breeds into seven categories based primarily on behavior, such as the Sporting group which comprises the hunting dogs such as retrievers and spaniels and the Terrier group which includes the ratters and earth dogs (American Kennel Club 1998). The Federation Cynologique Internationale (FCI) has ten categories of breeds based on behavior that are further divided into two to ten groups, each based on appearance, origin, or very specific usage (Federation Cynologique Internationale 2010). For instance, the FCI Sight hound category is divided into long-, rough-, and smooth-coated sight hounds, while the FCI Scent hound category is divided into the scent hounds, leashed scent hounds, and scent hound-related breeds. Using the 96-microsatellite data set described above and a combination of phylogenetic and clustering methodologies, the breeds were examined from a purely molecular viewpoint. These methods were then used to determine if the club breed groupings were based on genetic similarities stemming from common founders (Parker et al. 2004 .
The use of phylogenetic trees to describe breed relationships is not optimal because the development of a breed and the evolution of a species are not equivalent events. While a small number of breeds may develop as an offshoot of a single founding population, most are created through hybridization of two or more original breeds or breed types (American Kennel Club 1998; Wilcox and Walkowicz 1995) . This type of reticulated phylogeny is not well visualized using a distance matrix or through classic tree-shaped dendrograms. Nevertheless, the use of such analyses can display subspecies-like groupings of more closely related breeds, with the assumption that these individuals would be more similar to each other than to individuals from another population (Cornuet et al. 1999 ). When applied to the 85 breeds in the above study, the trees did identify small sets of closely related breeds such as the Shetland sheepdog and the collie. More interesting was the identification of a set of seemingly unrelated dogs that branched apart from the majority of breeds (Fig. 1) . These breeds, later referred to as the ancient breeds, comprised the Asian breeds such as Akita and Chow Chow, the northern breeds such as Siberian husky and Alaskan Malamute, the Middle Eastern saluki and Afghan hounds, and the African basenji, with the basenji being furthest removed from the modern dogs (Parker et al. 2004) . While pockets of this group share obvious common origins, as a whole they are highly diverse and may offer some insight into either early or alternate domestication events taking place within the dog species. The remaining breeds, primarily of European origin, all formed a single node on the tree with little significant branching, indicating a single origin for these modern breeds and/or extensive hybridization among the European breeds.
To better refine the relationships among the breeds, especially within the modern ''hedge,'' a clustering analysis was applied to the same data set. Clustering using the Structure program does not require calculation of distance matrices but groups all individuals based on similarities in the patterns of alleles carried (Pritchard and Rosenberg 1999; Pritchard et al. 2000) . Using this method, the 85 breeds were assigned to four clusters of breeds (Parker et al. 2004) . The breeds listed above as the ancient breeds formed the first cluster. This group also included the wolf when a small number were added to the data set. The second cluster comprised the molosser-type dogs such as the mastiff and bulldog. The third cluster comprised a combination of two breed types, the sight hounds and the herding dogs. Finally, the fourth and largest group was made up of hunting dogs, toy dogs, and hounds. This was the first classification system for breeds that was developed through genetic data alone. These analyses clearly displayed a two-tiered population structure in the dog. Not only do breeds play a role in stratifying the individuals, but the breeds themselves are grouped by common genetic patterns.
Following the original clustering paper, an additional 223 dogs were genotyped to create a data set of 130 breeds, covering the majority of the AKC-recognized breeds and including breed types that were underrepresented in the 85-breed analysis ). The new analysis revealed a fifth breed cluster, the mountain dogs. Increasing the number of terrier breeds by 150% highlighted the common hybridization of mastiff-types with terriers to create the ''bull'' terriers. In the mid-1800s dog fighting reached a peak in popularity and breeds were created specifically for the sport. The most successful cross created for this purpose combined the tenacity and energy of the terrier with the power and devotion of the molossers (Frome 1999). These dogs, the bull terriers, rose in popularity and remain so to this day though the sport has long since fallen from grace. Thus, these two diverse breed types are linked into a single breed cluster through their more recently created progeny rather than common ancestry.
There are also a small number of breeds that do not form unique clusters through microsatellite analysis but instead tend to group with another breed. These pairs may indicate breeds that are only recently separated, such as the Norwich and Norfolk terriers which were one breed until 1964 (American Kennel Club 1998). Other breeds that grouped as one were the greyhound and whippet, collie and Shetland sheepdog, and bull terrier and miniature bull terrier. Based on appearance, all of these pairs could be size variations of a common type. The clustering analysis indicates that they likely have the same ancestors and may have undergone recent selection based on size. Some of the newest breeds, especially those created through hybridization such as the Australian shepherd (Wilcox and Walkowicz 1995) , did not form clear single clusters but instead show the involvement of more than one founding population (Parker et al. 2004 .
SNPs and breeds
The first SNP analyses of dog breeds came from small data sets acquired from resequencing short chromosomal segments (Brouillette and Venta 2002; Parker et al. 2004) . Calculations from SNPs genotyped in 60 breeds showed a greater than fourfold range in heterozygosity across the breeds and a positive correlation with breed population size. For example, the Labrador retriever, the most popular breed in the US with annual registrations nearing 100,000 for the past 10 years, was among the most heterozygous breeds, while the Scottish deerhound, with only 100 dogs registered each year, were among the lowest. However, deviations from Hardy-Weinberg expectations within the dog breeds, such as bottlenecks, selection, and popular sire effects, create imperfections in the correlation between heterozygosity and population size (Nielen et al. 2001) . Popular breeds such as the boxer and collie can be found at the lowest end of the spectrum, while uncommon breeds like the Spinone Italiano rank among the most heterozygous (Parker et al. 2004 (Parker et al. , 2006b .
Since the release of the whole-genome sequence of the dog (Kirkness et al. 2003; Lindblad-Toh et al. 2005) , many studies have turned to SNPs over microsatellites because of the ease in genotyping a biallelic marker and the ability to multiplex thousands of markers in one reaction. More than 2 million SNPs were identified across the dog genome from comparison of the 7.5 9 boxer sequence to the 3 9 poodle sequence and 100,000 reads from 10 diverse breeds of dog. SNP genotyping chips were developed and made publicly available (Karlsson et al. 2007; Lequarre et al. 2011) . These chips proved highly useful in association studies mapping morphologic traits (Cadieu et al. 2009; Drogemuller et al. 2008; Karlsson et al. 2007; Olsson et al. 2011; Parker et al. 2009; Salmon Hillbertz et al. 2007; Vaysse et al. 2011 ), diseases (Awano et al. 2009 Downs et al. 2011; Farias et al. 2010 Farias et al. , 2011 Meurs et al. 2010; Wang et al. 2011; Wilbe et al. 2010; Zeng et al. 2011), and behaviors (Dodman et al. 2010) in individual dog breeds and, in some cases, across multiple breeds. Fig. 1 Neighbor-joining tree from 85 dog breeds showing the Ancient breed cluster. Ninety-six microsatellite markers were used to calculate the genetic distance between 85 breeds of dog. Using the gray wolf to root the tree, the nine breeds nearest the wolf formed statistically significant branches. The other 76 breeds form a single node indicating shared ancestry and hybridization between the branches [figure originally published in Science (Parker et al. 2004)] To investigate the effectiveness of a large SNP marker set in determining breed structure and relatedness, a set of 912 dogs from 85 breeds were genotyped on the Affymetrix version 2 canine SNP chip, which provided alleles calls for *48,000 SNPs across all canine autosomes (Boyko et al. 2010) . These SNPs were analyzed in multiple ways, including distance trees, clustering, single SNP analyses, and haplotype analyses with groups of 5-15 SNPs. Relatedness was calculated across breeds and within breeds by assessing the degree of allele and haplotype sharing between individuals (VonHoldt et al. 2010) . Phylogenetic analyses of 80 breeds that were represented by more than six individuals each identified the original five breed clusters and went a step further by dividing the breeds within these clusters for a final set of ten breed groups (Fig. 2) . For instance, the herding breeds and sight hounds formed two distinct branches on the phylogenetic tree of breeds. These branches stem from a single node, showing clearly that there is ancient common ancestry between the two breed groups but more recent common ancestry and/or hybridization between the breeds within each individual group. Similarly, the terriers and mastiff-types are divided into separate branches stemming from a common node. Within the section of the tree that would make up the Modern cluster, the branch support is not strong but there appears to be a distinction between the toy, spaniel, hound, working, and nonsporting breeds that were previously lumped under one banner. Once again, the ancient breeds break off first, after wolf, and form four different branches according to region of origin and with no single shared node. As mentioned before, wolves cluster with the ancient breeds in the microsatellite analysis. With the SNP data set, 225 wolves from four continents were genotyped and included in the population analyses. Clustering indicated that only the ancient breeds show any significant hybridization with wolves (VonHoldt et al. 2010) . This may explain the increased distance between these breeds and the modern breeds as indicated by both SNP and microsatellite analyses.
The primary difference between the phylogenetic analysis based on SNPs and the cluster analysis based on microsatellites is that clustering shows hybridization ) are indicated by the colored bars outside of the tree [the haplotype tree of breeds was originally published in Nature (VonHoldt et al. 2010)] between groups whereas the phylogenetic tree shows a single, and apparently absolute, placement of each breed in one group. For instance, the Pekingese and Shih Tzu breeds group with the toy dogs on the phylogenetic tree as part of the modern breeds, but in the cluster analysis they are *30% ancient, as would be expected based on their Asian ancestry . Similarly, using a cluster analysis, the bloodhound displays an unexpected mixture of both mountain dog and modern breed types, while the tree places it solely with the other hound breeds in the modern group. Therefore, in order to obtain the most accurate view of both breed development and current relationships, it is important to consider both views.
Calculation of Wright's F statistics based on the SNP data corroborated earlier evidence showing large amounts of variation between breeds as opposed to variation between individuals. In addition, the calculations show that nearly 4% of overall variation was found between the breed clusters (VonHoldt et al. 2010 ). This additional level of complexity in dog population structure can be used to design mapping studies for common disorders in the dog (Parker et al. 2006a . For instance, comparing disease frequency across multiple breeds of dog, T-cell lymphomas are significantly increased in the ancient breeds whereas B-cell lymphomas are common among all breed types (Modiano et al. 2005) . This indicates that there may be a common mutation shared among the ancient breeds that leads to T-cell lymphomas, while B-cell lymphomas are likely to be much more heterogeneous. A mapping strategy for T-cell lymphoma might include haplotype comparisons across all affected breeds within the ancient group in an effort to find an ancestral mutation. Alternately, the strategy for B-cell lymphomas would be to restrict the analysis to one breed at a time to reduce the number of loci and increase association values. Combinations of these strategies can be found in many of the genome-wide association studies released in the last few years.
Mixed breeds
Although the discussion of canine genetics often refers to the breed structure and alterations in the genome that relate to inbreeding and selection, the vast majority of dogs in the US are of mixed heritage, also known as mutts (American Veterinary Medical Association 2002) . What can understanding breed history tell us about these nonpedigreed companions? Boyko et al. (2009 Boyko et al. ( , 2010 examined SNP and microsatellite data from village dogs and strays collected in Africa and the Americas. These dogs, though not affiliated with any breed group, display association with the same loci controlling size and body shape as the purebred dogs (Boyko et al. 2010) . In addition, the nonpedigreed dogs from the Americas show genetic signatures of a mixture of European breeds, likely sharing the same ancestral backgrounds but in a currently jumbled format (Boyko et al. 2009 ). This implies that the same genetic mutations will be found in mixed-breed dogs as are found in purebred dogs.
Examining mixed-breed dogs in the light of breed structure can provide an alternate method for identifying genes and mutations related to common traits. For example, in preparation for finding genes that contribute to performance attributes in working Alaskan sled dogs, researchers used genetic markers to identify the purebred contributors to the modern dogs (Huson et al. 2010) . Because the Alaskan sled dog is bred entirely for working ability and not appearance, new breeds have been introduced into the lines to improve racing performance. Only those crosses that resulted in improved racing were repeated in later generations, creating a selection for specific regions from purebred lines that enhance the dog's ability to compete (Huson et al. 2011) . Microsatellite markers were genotyped in 199 Alaskan sled dogs from active working kennels involved in either sprint (up to 30 miles at 18-25 mph) or long-distance (up to 1,000 miles at 8-12 mph) racing. The patterns of alleles from these dogs were compared to patterns from 140 purebred dogs to ascertain the most probable outcrossings. An increase in Alaskan Malamute and Siberian husky allele patterns was found in the distance dogs compared to the sprint dogs. Alternately, a strong contribution from Pointer was identified in the sprint dogs that was absent from the distance dogs (Fig. 3) . The next logical step will be to identify the precise segments of the chromosomes that were retained from these crosses in order to find the genetic variants that led to improvements in performance, be that speed, endurance, work ethic, or the sheer joy of running. Similar analyses can be applied to mixed-breed dogs displaying diseases common to specific purebreds in order to localize the regions containing causative mutations.
With their intricate breed structure and anthropomorphic lifestyle, modern domestic dogs fill a much needed role in genetic study design. They do not take the place of a laboratory strain or a human cohort, but instead add depth and understanding to both by providing real-world effects on a semicontrolled genetic background. Comparing study results across multiple models with varied histories will provide the greatest amount of information regarding the traits as well as the pathways and gene products involved in creating them. With a clear understanding of the breed structure and development to enhance the utility of the system, the dog will find a prominent place in genetic and genomic studies for years to come. 
